Introduction
Disturbance can damage natural ecosystems both by suppressing sensitive species (Huston 1979 , Sousa 1984 , Pickett and White 1985 , Petraitis et al. 1989 and by facilitating invasions by non-natives (Elton 1958 , Mooney and Drake 1986 , Drake et al. 1989 , Pimm 1991 , Hobbs and Huenneke 1992 . However, natural disturbance also plays an important role in maintaining the species composition, diversity, and structure of many native-dominated ecosystems (Huston 1979 , Sousa 1984 , Pickett and White 1985 , Petraitis et al. 1989 , Hobbs and Huenneke 1992 . Because of this dual role, the net effects of disturbance on the diversity of native species often may be complex and difficult to predict. Of special concern are changes from the historic disturbance regime (Hobbs and Huenneke 1992) .
Practices that increase the frequency of disturbance (e.g., logging, anthropogenic fire) and practices that decrease disturbance (e.g., fire suppression, exclusion of rivers from their floodplains) both may alter natural communities and ultimately erode biodiversity (Hobbs and Huenneke 1992) .
Land management practices often have obvious and direct implications for disturbance regimes; however, humans also may change disturbance regimes indirectly by altering the abundance of "keystone" organisms. For example, the removal from and subsequent re-invasion of much of North America by beaver (Castor canadensis Kuhl) have had profound effects on rates of gap creation in forest ecosystems (Naiman et al. 1986 , Johnson and Naiman 1990 .
Similarly, D'Antonio and Vitousek (1993) report cases in which invasions by exotic grasses have been implicated in increasing fire frequencies. In this paper, I report some of the ecological consequences of the introduction of an exotic agent of disturbance, the feral pig (Sus scrofa L.), into northern California, USA. I have documented rates of disturbance by pigs and consequences for the composition of meadow communities containing both native and alien plant species. The effects of feral pigs on plant assemblages have previously been reported from regions as diverse as the Appalachians (Bratton 1974 , 1975 , Howe et al. 1981 , Hawai'i (Spatz and Mueller-Dombois 1975 , Cooray and Mueller-Dombois 1981 , Aplet et al. 1991 , and (with goats) subantarctic islands (Campbell and Rudge 1984) , but this paper represents one of the first accounts of pigs' effects in California. The flora of this region has long been structured by frequent disturbances including annual summer drought, fires, and the activities of a variety of burrowing mammals.
Lessons learned from wetter, cooler regions with histories of less frequent fire, or from islands with depauperate vertebrate faunas, may not apply (Denslow 1980 , 1985 , Hobbs and Huenneke 1992 .
Methods

The study site
This study was conducted at the Northern California Coast Range Preserve concerned with a series of 5 meadows, ranging in size from 2 ha to 8 ha, at an elevation of about 400 m. These meadows are believed to pre-date the arrival of the first homesteaders in the 1880's (Johnson 1979) . Each meadow was subsequently grazed or cultivated, but agriculture ended by the 1930's as the homesteads successively failed (Johnson 1979) .
Coincident with the arrival of European settlers, most Californian grasslands underwent great floristic changes. Many inland locations are thought originally to have been dominated by perennial bunchgrasses, which were largely replaced by Mediterranean annual grasses prior to 1900 (Heady 1988 , Heady et al. 1988 , Sims 1988 , Heady et al. 1992 . In contrast, coastal grasslands have fared comparatively well, and native perennial grasses often seem able to outcompete or coexist with annual invaders in coastal areas (Heady et al. 1988 (Heady et al. , 1992 . Despite their past agricultural usage, most meadows at the NCCRP still contain Coastal Prairie vegetation, dominated both visually and in terms of biomass by the native bunchgrass Danthonia californica Bolander. Several other perennial graminoids (Gramineae, Cyperaceae, Juncaceae) occur at lower frequencies (Appendix I). Most of the common annual graminoids have been introduced (e.g., Aira caryophyllea L., Bromus hordaceus L., Briza minor L.), but the native Juncus bufonius L. and both native (V. microstachys (Nutt.) Benth.) and alien (V. bromoides (L.) S.F. Gray and V. myuros (L.) C. Gmelin) species of Vulpia are also encountered (Appendix I). Native perennial "bulbs" (primarily Dichelostemma capitatum Alph. Wood, rarely Brodiaea elegans Hoover, Triteleia hyacinthina (Lindley) E. Greene, and Triteleia laxa Benth., all of which technically produce corms) and numerous native and alien dicots also commonly occur (Appendix I).
Feral pigs
Pigs (Sus scrofa L.) are native to Eurasia and North Africa, but are also very widely distributed as feral animals. Currently, wild pigs are found on all continents except Antarctica; their non-native distribution includes parts of North and South America, Central America, Australia, New Zealand, New Guinea, South Africa, and many oceanic islands (Lever 1985) . In areas where they are numerous, feral pigs can strongly affect vegetation (e.g., Bratton 1974 , 1975 , Howe et al. 1981 Kotanen 1994a ); wild pigs also may play an important ecological role in the parts of their native Eurasian range where they still persist in sufficient numbers (Oliver and Fruzinski 1991) .
Feral pigs have existed in California at least since the 1700's, and currently are common in many coastal and some inland counties (Barrett 1978 , Wood and Barrett 1979 , Lever 1985 , Mayer and Brisbin 1991 , Barrett 1993 ; their numbers have been increasing in recent decades (Barrett 1993) . At the NCCRP, feral pigs may have arrived as settlers' domestic stock as early as the 1880's (Johnson 1979) . Since the 1920's, hybridization and stocking by hunters probably have added Wild Boar genotypes, as has occurred elsewhere in California (Pine and Gerdes 1973 , Barrett 1978 , Mayer and Brisbin 1991 . Pigs have been protected from sport hunting since this property was acquired by the Nature Conservancy in 1959, and subsequent control efforts have been sporadic and ineffective. Consequently, the meadows described in this study have been influenced by pigs since the local cessation of agriculture. The current population size is unknown, but the preserve steward (P.
Steel, pers. com.) regularly encounters groups of 7-8 and has seen herds of more than 20 animals.
Patterns of grubbing
Feral pigs are omnivorous, and a substantial proportion of their diet is obtained by grubbing in search of roots, bulbs, and other below-ground material (Pine and Gerdes 1973 , Bratton 1974 , Scott and Pelton 1975 , Howe and Bratton 1976 , Barrett 1978 , Wood and Roark 1980 , Howe et al. 1981 , Grover 1983 , Baber and Coblenz 1987 . Grubbing by feral pigs is visually unmistakable. Grubbing entails breaking through the surface layer of vegetation, followed by excavation to a depth typically ranging between 5 and 15 cm. The displaced vegetation and soil may be left in place, or may be moved slightly to the side, smothering otherwise intact vegetation. Severely grubbed areas may extend for a hectare or more, but typically are composed of many small (~ 1 m 2 ), overlapping disturbed patches ("feeding stations" -Vallentine 1990) . Pig disturbance contrasts sharply with the discrete, regular mounds produced by moles, Scapanus latimanus Bachman, pocket gophers, Thomomys bottae Eydoux & Gervais, ground squirrels, Spermophilus beecheyi Richardson, and ants; these animals also tend to bury, rather than disrupt, the surface vegetation. Grubbing is not usually associated with yellowjacket (Vespula sp.) nests, as is the case for the diggings of skunks (Mephitis mephitis Schreber).
Other than humans and the now-extirpated grizzly (Ursus arctos L.), no other Californian animal disturbs soil in the distinctive "rototilling" fashion of pigs. 
Revegetation of grubbed areas
In November 1990, a set of thirty 25 x 25 cm permanent plots was established in the White House Meadow, in an area which had been patchily disturbed by pigs. Ten of these plots were positioned in randomly-chosen locations which pigs had excavated (pre-existing vegetation removed, soil surface depressed), and 10 in random locations which pigs had buried beneath overturned earth (pre-existing vegetation present beneath a layer of displaced soil, soil surface elevated). The remaining 10 (control) plots were interspersed in randomly-chosen patches of undisturbed vegetation. All 30 plots were then fenced to protect them from further grubbing. The exact date on which this area had been disturbed is unknown, but it appeared to have been grubbed during the winter of 1989-1990. In June 1991, another set of 30 plots was established in each of 2 additional meadows (Upper Walker and Lower Walker), in areas that had been patchily grubbed in the winter of 1990-1991. Half of these plots were placed in randomlychosen pig-damaged locations, while half were interspersed in undamaged areas.
Buried and excavated plots were not treated separately, since grubbing at these sites had been so thorough as to make this distinction arbitrary, and these plots were left unfenced for reasons of economy.
Beginning in June 1991, all plots were sampled annually in late spring or early summer, after most species had flowered but before most spring ephemerals had vanished. At each sampling, the identities of the vascular plant species in each plot were noted. The proportion of species that were annuals was calculated, as was the proportion comprised by aliens, based on data derived from Hickman (1993) . Species richness ( -diversity) was analyzed using untransformed data, while proportions were arcsin transformed before analysis (Sokal and Rohlf 1981) .
Data from the White House Meadow were analyzed by ANOVA, followed by protected Tukey HSD tests (Sokal and Rohlf 1981) ; data for the other meadows were analyzed by t-test. Those data failing to pass the F max test for homogeneity of variance were analyzed using t-tests for unequal variances (Sokal and Rohlf 1981) .
Results
Patterns of grubbing
Most grubbing occurred from mid-autumn to early spring, probably reflecting the Mediterranean pattern of rainfall: the dense soils of these meadows are soft when moist, but become extremely hard after the rains end in the spring.
Some of the most extensive grubbing during this study occurred after heavy winter rains, particularly as a multiyear drought ended in the winter of 1992-1993.
Pigs were the predominant agent of soil disturbance during this study.
Between 1990 and 1993, transects indicated that pigs annually grubbed an average of 7.4% of the area of the 5 study meadows (mean calculated by pooling all data; see Figure 1 ). In contrast, all native animals together (including moles, pocket gophers, ground squirrels, skunks, and ants) annually disturbed much less than 1%. This latter figure may be an underestimate, since pig damage may have been superimposed on other forms of soil disturbance. The magnitude of this bias should have been very small however, both since 92.6% of the area was not pigdisturbed, and since at least pocket gophers (which burrow deeper than all but the most severe grubbing) generally survived to created new mounds in pig-disturbed areas. Because of the subsequent change of methods, data from the first sampling date should be treated with caution; however, the estimate obtained on this date (11.0% damaged) was close to the overall mean, suggesting that any bias may have been small. All meadows were grubbed to some extent each year. While some meadows tended to suffer more than others, no one meadow was consistently the most damaged ( Figure 1 ). For example, Upper Walker Meadow was heavily grubbed in the the winters of 1989-1990 (P.M. Kotanen, pers. obs.), 1990 Kotanen, pers. obs.), -1991 Kotanen, pers. obs.), and 1992 Kotanen, pers. obs.), -1993 Kotanen, pers. obs.), , but was almost untouched in 1991 Kotanen, pers. obs.), -1992 . Most damage apparently occurred in only a few episodes per year, suggesting that a few mobile herds may have been responsible. Differences between years may simply represent chance variations in the movements of pigs.
Within each meadow, grubbing was a very patchy phenomenon; large regions were often devastated while the remainder of the meadow was left practically untouched. Pigs damaged some areas more frequently than chance alone would suggest. For example, of the 30 monitoring plots established in damaged patches in the Upper and Lower Walker Meadows, 29 were re-grubbed and destroyed in just 2 years. In some cases, grubbing was associated with some physical feature (usually damp ground or seeping water), or with the presence of a plant (e.g., bulb-bearing species such as Brodiaea, Dichelostemma, Triteliaea, and Zigadenus), but most commonly the resource that motivated the grubbing was obscure. Pigs may often grub in search of soil animals (Grover 1983) or simply in response to easily workable soil.
Revegetation of grubbed areas
Grubbing removed or buried most surface vegetation, and disturbed soil to a depth of several cm (mean=7.0 cm, SEM=0.2 cm, based on 86 comparisons with nearby undisturbed surfaces). Nonetheless, most 25 cm x 25 cm plots contained survivors. In particular, Danthonia californica occurred as either survivors or seedlings in 82% of all disturbed plots within their first year, as opposed to 87% of control plots (percentages calculated with all meadows weighted equally). Bulbs of Dichelostemma capitatum and similar species also were common survivors in recently-grubbed areas, occurring in 53% of disturbed plots and 51% of control plots (all meadows weighted equally). When present, bulbs could be very abundant, numbering up to 200 per 10 cm x 10 cm quadrat in undisturbed areas.
Overall, more than 50 species were observed in at least one monitoring plot (Appendix I). A few nonflowering or problematic species could not always be distinguished, but this should not have led to significant biases for two reasons.
First, since the monitoring plots were small, the probability of two indistinguishable species appearing in the same plot should also be small; thus, lumping similar species probably rarely led to underestimates of species richness.
Second, even if a species' identity was uncertain, its life history and origins usually could be determined by observation or from information in Hickman (1993) and Stebbins (1968) . Vulpia, which locally includes both aliens and natives, was the only truly problematic genus. All members of this genus of annuals were treated as a single alien species; neither patterns of significance nor the ranking of treatment means changed if this genus was instead treated as native.
Depending on the site, 70%-80% of the observed species occurred in both grubbed and undisturbed plots; most of the remainder were rare (1 or 2 occurrences). In the Upper and Lower Walker Meadows, species richness was significantly reduced (relative to the undisturbed controls) in the first spring following grubbing (Figure 2 ). In contrast, the average richness of disturbed plots significantly exceeded that of the controls by the second year (Figure 2 ). Most plots were destroyed by pigs before their third sampling. Data from the few that survived are consistent with richness remaining as great or greater in grubbed areas (Figure 2) . Results from the White House Meadow are more difficult to interpret, in part because of the uncertainty as to when the grubbing at this site had occurred: plots in this meadow may have been grubbed up to a year earlier than plots in the Walker Meadows. Nonetheless, trends in the White House Meadow qualitatively resembled those in the Walker Meadows. Richness tended to be reduced by grubbing at the first sampling, though this result was marginally nonsignificant (p=0.059) (Figure 2 ). At the second and third samplings, richness tended to be lowest in the undisturbed controls, though differences among treatments were again small and nonsignificant (Figure 2) .
In all meadows, changes in richness between years were largely attributable to the invasion of disturbed plots by annual graminoids and herbs (Figure 3) . At the first sampling, the proportion of species in disturbed plots that was made up by annuals did not vary significantly among treatments, though it tended to be reduced in the Walker Meadows. At subsequent samplings, the average proportion of annuals always was highest in disturbed plots, though this difference rarely was significant (Figure 3 ). The species most conspicuously associated with grubbed areas were mostly natives (e.g., Eremocarpus setigerus (Hook.) Benth., Navarretia spp., and Juncus bufonius). As a result, the average contribution by aliens to species richness was lower in disturbed plots than in controls (Figure 4 ), excepting the final sampling for the Upper Walker Meadow, when only one grubbed plot still survived. Differences among treatments frequently were significant on the first sampling date, but had diminished to nonsignificance by the second (Figure 4) . The numerical abundance of colonizing species did not necessarily show the same trends as species richness. In particular, introduced grasses (especially Aira caryophyllea) frequently became very abundant in grubbed plots. Aira also strongly benefitted from some types of experimental soil disturbances, and increased to a lesser extent even in undisturbed controls during this study (Kotanen 1994b ).
Three lines of evidence suggest that sample sizes generally were adequate.
First, though the total number of species detected for each date x site x treatment combination usually continued to rise as long as sample size increased, running averages (Greig-Smith 1983) indicated that estimates of the mean species richness per plot, the mean proportion of annuals, and the mean proportion of aliens all rapidly stabilized as sample sizes increased. Of the 51 estimates based on sample sizes  9, only 7 were not within 10% of the final value by just the 5th sample.
Second, the values estimated for the mean proportions of annuals and aliens at each site (Figures 2-4) generally clustered around the values obtained from the species pool as a whole (64% annuals and 40-42% aliens, depending on the treatment of Vulpia -Appendix I). Finally, significant differences among treatments were detected at least once at each site and for each variable, indicating that sufficient statistical power was available.
Discussion
Feral pigs dominate the disturbance regime at this location; this result contrasts with other studies of Californian grasslands (e.g., Hobbs and Mooney 1985) in which native animals such as pocket gophers were the principal source of soil disturbance, but probably is typical of sites where pigs are common.
Nonetheless, native annuals and perennials both were abundant, and persisted or even increased in pig-disturbed areas. Alien annuals also colonized disturbed sites, but not in sufficient numbers to exclude opportunistic natives. Most of these results can be understood by considering the history of the local flora and the regeneration strategies of both annual and perennial colonists.
The course of revegetation in pig-disturbed areas broadly resembled the results of other studies which have found grasslands and old-fields to contain guilds of competitively-inferior or fugitive species able rapidly to exploit disturbance (e.g., Platt 1975 , Platt and Weis 1977 , Gross 1980 , Gross and Werner 1982 , Armesto and Pickett 1985 , Hobbs and Mooney 1985 , Martinsen et al. 1990 , Lavorel et al. 1994 . At this location, most of the species that quickly occupied disturbed areas were annuals. While some (notably Juncus bufonius) were present in the seedbank (Kotanen 1994b) , many probably arrived in the seed rain, explaining why species richness failed to rise until the second year following disturbance: seed dispersal essentially has ended by the time that both rainfall and grubbing begin in the autumn (Kotanen 1994b) . A few of these annuals may have been disturbance-dependent fugitives (sensu Platt 1975, Platt and Weis 1977) , but most were also frequent in undisturbed vegetation, and consequently do not seem strictly to depend upon grubbing. Juncus bufonius was the most notable exception. This annual native rush was common in grubbed areas, but almost never was observed on undisturbed soil. Weedy annuals may be less dependent upon soil disturbance in Californian grasslands than in many perennial-dominated habitats, since the gaps between bunchgrasses and the yearly dieback of annuals provide unoccupied space even in the absence of soil disturbance (q.v. Grubb 1986 for a similar discussion of "matrix-forming perennials" and "interstitial short-lived plants" in chalk grassland).
Long-lived perennials might be expected to be suppressed by frequent disturbance, yet Danthonia dominates these meadows after more than a century of grubbing, grazing, and cultivation (Johnson 1979) . Even on the small scale of a 25 x 25 cm plot, pigs rarely eliminated this bunchgrass from grubbed areas, and its seedlings were common in disturbed sites. Survivors and seedlings were able to expand by vegetative growth for up to a year before the seeds of annuals arrived; consequently, disturbance may even have created an "establishment window" for this species (Lavorel et al. 1994) . Likewise, perennial bulbs including Dichelostemma, Brodiaea, and Triteleia remain abundant in most meadows, even though members of these genera are preferred foods (Barrett 1978 and pers. com.) . The explanation may be that they produce large numbers of tiny (2 mm) vegetative bulblets which probably are difficult for pigs to handle, and instead may be dispersed by grubbing. Anderson (1992) has suggested these bulblets similarly were key to the sustainable harvest of these species by Native Americans. Other studies also have indicated that not all bulbs are vulnerable to pigs. In the Appalachians, the effects of grubbing by Wild Boar ranged from severe reductions of some bulbs (e.g., Lilium superbum L. -Bratton 1974) to mild or transient effects on others (e.g., Claytonia virginica L. and Erythronium americanum Ker. -Bratton 1974 , Howe et al. 1981 , Bratton et al. 1982 ).
Disturbance often is predicted to in facilitate invasions by alien species (e.g., Elton 1958 , Mooney and Drake 1986 , Drake et al. 1989 , Pimm 1991 , Hobbs and Huenneke 1992 ), yet disturbance by agents such as grazing, fire and burrowing animals is also a natural characteristic of most grasslands (Sousa 1984 , Goldberg and Gross 1988 , Hobbs and Huenneke 1992 . It follows that a subset of native plants should be adapted to disturbance (Denslow 1980, Hobbs and Huennecke 1992) . Consequently, despite the unique appearance of pig-created soil disturbance, perhaps it should not be surprising that both natives and aliens colonized grubbed areas. The predominance of natives among the first invaders of disturbed plots reflected the great diversity of opportunistically weedy native annuals in the local flora (Appendix I), as well as the ability of native perennials to survive disturbance; both may be consequences of a long regional history of frequent disturbance and annual diebacks. However, considering abundance instead of species richness suggests somewhat different conclusions, since a few introduced annual grasses (notably Aira) often became dominant in disturbed plots after their seeds began to arrive. Consequently, whether pigs are seen as enhancing or reducing biodiversity depends to some extent on the measure used. If one is concerned with maintaining the native component of species richness, pigs might seem to benefit grasslands by creating habitat for uncompetitive native species (q.v. Grubb 1977 , Connell 1978 , Huston 1979 , Sousa 1979 , 1984 , Denslow 1985 , Petraitis et al. 1989 , Lavorel et al. 1994 . Pigs might even act as a partial substitute for the effects of natural wildfires, which now are effectively suppressed. In contrast, if one is concerned with maintaining evenness, species composition, or vegetation structure, pigs might be seen as harmful.
The composition of Californian annual grasslands varies strongly from year to year, primarily in response to weather (Heady 1956 , Pitt and Heady 1978 , Bartolome 1989 , Hobbs and Mooney 1991 , Heady et al. 1992 . For example, workers in annual grasslands have reported "grass", "filaree" (Erodium spp.) and "clover" (legume) years, which apparently result from particular combinations of amount and timing of rainfall and winter temperatures (Heady et al. 1992 ) . As might be expected, different species respond to weather in distinctly different ways (e.g., Pitt and Heady 1978) , making generalization very difficult. However, it is likely that dry years can suppress native perennial grasses, which tend to be less xerophytic than many invasive annual species (Bartolome et al. 1980 , Heady et al. 1992 , and can simultaneously reduce litter production to the ultimate benefit of prolific but litter-intolerant annuals such as Aira (Heady 1956, J. Bartolome, pers. com.) . The experiments described in this paper were conducted near the end of a 6-year drought, which apparently did lead to large increases in the numbers of some alien annual grasses, notably Aira (Kotanen 1994b) . These changes may have been amplified on pig-disturbed soil: Hobbs and Mooney (1991) found that the vegetation colonizing gopher mounds was more sensitive to rainfall variation than was undisturbed annual grassland. Since all experimental plots experienced the same weather, climatically-driven changes alone cannot explain the differences observed among treatments at a single sampling. However, if the drought increased the dominance of alien annual grasses on pig disturbances above the levels typical of a wet year, these experiments may have overestimated the longterm average success of alien grasses in grubbed areas. This interpretation would strengthen at least one major conclusion: the failure of alien annuals to monopolize pig-created disturbances might have been even greater in the presence of "normal" patterns of rainfall.
These results should not be interpreted as evidence that pig-created disturbances are environmentally benign. First, any truly pig-sensitive species may have been eliminated from this location decades before this study began. Second, grubbing creates large amounts of open space, reduces perennial cover, and encourages alien annual grasses as well as native herbs. Disturbed areas eventually may be occupied by vegetation resembling the pre-existing assemblage, but pigs still are responsible for maintaining a substantial portion of these meadows in a chronically disturbed state, and may grub some areas so frequently as to make long-term successional trends irrelevent. Finally, pigs' effects may be even more pronounced in plant assemblages lacking native perennials as resilient as Danthonia and Dichelostemma, at sites threatened by aggressively invasive alien weeds, and in regions with less of a history of disturbance by pigs, fire, drought, or other agents. This may help to explain why many studies at other locations have demonstrated that pigs can severely harm native plant assemblages (e.g., Bratton 1974 , 1975 , Howe et al. 1981 , Spatz and Mueller-Dombois 1975 , Cooray and Mueller-Dombois 1981 , Tisdell 1982 , Campbell and Rudge 1984 , Peart 1993 . Pigs may be representative of many agents of disturbance, in that their effects are dependent upon the biology and disturbance history of the affected community (Denslow 1980 , 1985 , Hobbs and Huenneke 1992 . each of the three study meadows. Also indicated are life history and origins of each species. Nomenclature follows Hickman (1993) ; data are derived from the same source or by personal observation. Figure Legends 
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